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ABSTRACT OF DISSERTATION

EXTRACTING SECONDARY METABOLITES FROM
BACTERIAL ENDOPHYTES
TO SUPPRESS OR PROMOTE SWEET SORGHUM AND WEEDS
Endophytic bacteria are ubiquitous in agricultural settings and have the potential to
drastically affect plant growth both positively and negatively. These complex relationships
play a key role in plant nutrition and are therefore of great interest to the agricultural
community and beyond. With my dissertation work, I have had the opportunity to examine
the relationship between endophytic bacteria and plants in various ways. The first part of
my dissertation investigated how the microbial diversity found in soil affects the belowand above-ground traits of Sorghum bicolor. In the second section, I focused on a particular
strain of bacteria that inhibits plant growth.
Thus far, I have measured seed germination, root and shoot biomass, and the
nutrient content of soil and Sorghum bicolor that was treated with microbial inocula of
different diversities as seeds. Plant nutrient assimilation and productivity was positively
correlated with the number of bacterial strains present in the soil in greenhouse trials. I was
able to identify several combinations of bacterial strains that may have the potential to
increase plant performance and I am excited to explore them further. Our results suggest
that a biodiversity-ecosystem functioning experimental approach could prove useful in
identifying and developing promising probiotic mixture inoculants to optimize plant
growth particularly in marginal soil environments.
I have identified a strain of endophytic bacteria that inhibits plant growth and could
therefore be used as an herbicide. Herbicide resistance is a major problem in agriculture
and finding novel ways to eliminate plants that compete with crops for soil nutrients is
essential if we are to provide enough food for a growing population. I am working with
researchers in the School of Pharmacy at the University of Kentucky to investigate what
substances are being produced by this bacterial strain.
KEYWORDS: Sorghum, microbiome, consortia, inoculums, secondary metabolites,
herbicidal activity, Cellulose biosynthesis inhibitor.
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Chapter 1 CHAPTER 1
PLANT GROWTH

BACTERIAL ENDOPHYTES: PROMOTING AND SUPPRESSING

1.1 INTRODUCTION
Endophytic, epiphytic and rhizosphere bacteria are ubiquitous in agricultural settings. It is
the postulate of this thesis that they have the potential to affect plant growth both positively
and negatively. These complex relationships play a key role in plant nutrition and are
therefore of great interest to the agricultural community. With the work in this dissertation,
I seek to examine the relationship between endophytic bacteria and plants in various ways.
The first part of my dissertation investigates how the microbial diversity found in soil
affects the below- and above-ground traits of Sorghum bicolor. In the second section, I
focused on a particular strain of bacteria that inhibits plant growth and the mechanisms by
which this interaction occurs.
With this research, I hope to contribute to providing enough food, fuel, fiber, and
feed to sustain the growing human population. We must also improve our understanding
of the impact of endophytic microbes on plant growth and nutrition at the ecological level.
If we can identify which microbes enhance plant growth, can we efficiently apply them to
crops? If we know which microbes are harmful, can we apply them to weeds to deliver
chemical signals in situ? It is the overarching goal of these efforts to improve the
productivity, efficiency, and sustainability of agricultural systems, ensuring that the needs
of a growing population are met.
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1.2 THE MICROBIOME AND AGRICULTURE
The interaction between plants and individual microorganisms has been studied for the
last several decades. Isolation and testing of soil and plants bacterial aimed to understand
microorganisms’ capabilities in improving and/or suppressing plant growth. Up to the last
5 years, most of the isolation and identification were done through plate culture techniques.
However, with the development of more precise sequencing approaches, identification of
genus and families that were unculturable has been made possible, even to the point of
looking at functional genes (Tsurumaru et al., 2015).These techniques increase our abilities
in selection of the suitable bacterial communities for their given plant species (Lundberg
et al., 2012; 2013; Lebeis et al., 2015; Birtel et al., 2015; Ding and Melcher, 2016).
Identifying the variability as well as functionality of communities that colonize plants
could be used as criterion for bacterial group selections, that positively manipulate the
morphology of plant and their interaction with the environment.
Injection of a single or group of microorganisms in crop production system to
improve the plant development can be achieved, however, there are some challenging
practices. The complexity in the microbial community and competitiveness of individual
microbial factor is unlikely to be dominant enough to impact any influence on a cropping
system. Furthermore, the ability to genetically optimize or engineer microbes to enhance
agricultural systems will be a regulatory and environmental containment challenge. Plant
breeders may have to pay more attention for the plants and microbiome interactions in their
programs (Gopal and Gupta, 2016). The mechanisms by which a microbiome
accommodate the plant anatomy required more investigation, particularly on gene aspects.
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Colonization involves the physical entry and the avoidance plant immune rejections
(Downie et al., 1999; Iniguez et al., 2005). After maturation of inoculums (Figure 1),
understanding of the symbiosis is required to improve it. Since, it is expected that numerous
non-obligate bacterial genera enter the plant during germination and seedling
establishment, microbes are thought to enter into their host plant through their root
trichrome owing to their huge adhering area with soil particles. It was found that sperm
sphere of seeds affects determines the soil-seed adhering area, and thereby the infection
capacity during germination (Hansen et al., 1997; Tokala et al., 2002; Iniguez et al., 2005;
Rosenblueth and Martinez-Romero 2006; Seipke et al., 2012).

In this project, we have adapted varying means to examine the relationship between
endophytic bacteria and plants, where the first part of my dissertation investigated the how
soil microbial diversity affects aerial and root systems Sorghum bicolor. While the second,
was focused on a particular strain of bacteria that inhibits plant and weed growths. Finally,
Improved Draft Genome Sequence of a Novel bacterial endophyte associated with switch
grass plants was discovered.
1.3 BACTERIAL ENDOPHYTES PROMOTING PLANT GROWTH (SORGHUM)
Owing to number of issues, which are emerging such as soil pollution, nutrient
mining, erosion and loss of soil microbial biodiversity (Hussain et al., 2009; Saleem &
Moe, 2014), there is an emerging interest in applying ecological concepts to utilize
microbial resources to improve soil fertility and plant growth (Saleem et al., 2019).
Biodiversity and ecosystem functioning (BEF) theory in structuring the microbial
communities for optimal plant growth suggests that soil and plant systems
inhabiting
3

diverse microbial species, which may harvest more benefits from their microbial partners
due to higher diversity and quantities of their beneficial properties (Loreau et al., 2001;
Prosser et al., 2007; Bardgett & van der Putten, 2014; Saleem et al., 2019). Thus, testing
multiple combinations of the microbial species from monocultures to highly diverse
species using a rigorous BEF experimental approach may help us screening and identify
the high performing microbial consortia to develop probiotics for improving plant growth
and yield in the marginal soils.
Meanwhile, the plant beneficial microbes are already in use for developing biofertilizers, plant growth stimulators, and bio-pesticides to reduce the use of agrochemicals.
These microbes may enhance soil health, fertility, and plant growth by direct and indirect
means, such as through, nitrogen fixation, nutrient mobilization, and recycling, regulating
phytohormone namely gibberellic acid, indole acetic acid, ethylene, and cytokinins levels,
suppressing soil-borne pathogens by siderophores, cyanides, and antibiotics production,
and ecological supportive roles (Lugtenberg & Kamilova, 2009; Bashan et al., 2013).
Microbes may improve soil biochemical and ecological conditions, besides adding
tolerance to plants against environmental stresses (Saleem et al., 2007; Dimkpa et al.,
2009). Since the advent of next generation sequencing, the microbiome era has evolved
into a resurgence of interest in understanding the role of microbial species diversity and
composition in determining the soil health and plant productivity in broader ecological
contexts (Elsas et al., 2012; Delgado-Baquerizo et al., 2016; Hu et al., 2017; Zhang et al.,
2017; Woo & Pepe, 2018).
Sorghum bicolor L. (sorghum) ranks as the world fifth major cereal crop after corn,
wheat, rice and barley both in production and area covered (USDA, 2019), it also serves as
4

a staple food for millions of people in Asia and Africa including United States. Sorghum
is drought tolerant C4 grass capable to thrive under limited resources, and thus, sorghum
exhibit symbiotic relationships with soil microbiota that determine their growth, survival,
and/or tolerance to stress conditions (Schlemper et al., 2017; Xu et al., 2018; Hara et al.,
2019). Some studies have investigated sorghum-microbe interactions at individual
microbial species/strain level, to test their significance in the sorghum growth under stress
conditions (Idris et al., 2007, 2009). Hence, it is timely to investigate sorghum-microbe
interactions at community level to determine their role in the sorghum growth under
resource limited soil conditions. Although promising results were obtained from the soil,
root and leaf inoculation studies (Bashan et al., 2013; Saleem et al., 2017; Zhang et al.,
2017). However, seed inoculation offers more potential advantage to harvest the benefits
of applied probiotics due to low and technical ease (Mahmood et al., 2016).
Sorghum is a drought tolerating crop, its seed germination constitute a major issue
in obtaining the required plant density and uniformity to approach maximum yield from
marginal soils (Mortlock & Vanderlip, 1989). Meanwhile, seeding rates and resulting plant
densities are widely debated with respect to their advantages and disadvantages, for
instance, some studies have shown that high seeding rates and plant density may limit per
capita production under certain circumstance (Bond et al., 1964, p. 1; Jones & Johnson,
1991; Faisal et al., 2007; McGuire, 2007; Snider et al., 2012). There is a consensus that
relatively higher plant density may provide greater agroecosystem services such as fodder
or biomass production ( Faisal et al., 2007), insurance against environmental uncertainty
(McGuire, 2007), weed suppression (Place et al., 2009), ground cover and erosion control
(Harvey & Thompson, 1988). Therefore, we assume that microbial-driven differences
in
5

seed germination and the resulting variation in plant density from, may lead to tradeoffs
between total (per pot) and per plant performance.
The impact of microbial biodiversity on below/above ground Sorghum bicolor L.
traits and nutrient interactions in a nutrient-poor greenhouse soil was tested by applying
BEF. Tests suggested that increasing the rhizobacterial species diversity of seed-inoculated
rhizobacterial may influenced seed germination and thereby plant growth characteristics,
including tissue nutrient composition and trade‐offs among them, and it may also
affected the contents of soil macro-and micro-nutrients and interactions among them via
plant density effect. The effect of plant-bacteria partnership at higher diversity level on
germination, root as well as shoot system, plant and soil nutrient contents and their
interactions were investigated. The results suggested the trade-offs occurrence among plant
traits and their relationships with nutrient contents of soil and plant tissues. The obtained
results revealed that relatively higher plant density and biomass (root/shoot), as a function
of greater microbial diversity, demonstrated trade-offs between plants traits and a higher
nutrient synergism while showed relatively lower level of macro-and micro-nutrients at the
time of plant harvest.

6

1.4 IMPROVED DRAFT GENOME SEQUENCE OF MICROBACTERIUM LKL04: A NOVEL
BACTERIAL ENDOPHYTE ASSOCIATED WITH SWITCHGRASS PLANTS
Members of the Microbacterium genus have been previously isolated from a wide range
of environmental conditions, including soils, marine ecosystems, air, sewage, plants, and
insects (Alves et al., 2014; Kim et al., 2008; Mawlankar et al., 2015; Yoon et al., 2009)We
report here the information about the sequenced and assembled genome of the bacterial
endophyte Microbacterium sp. LKL04, a gram-positive actinobacterium, isolated from
switchgrass leaves grown on a reclaimed coal-mining site in western Kentucky, USA.(Xia
et al., 2013)
The genome of Microbacterium sp. LKL04 was sequenced to a 212x depth, using
the Pacific Biosciences (PacBio) sequencing technology.(Rhoads and Au, 2015) A Pacbio
SMRTbell™ library was constructed and sequenced on the PacBio RS platform, generating
198,113 filtered subreads with an average read length of 3,930 bp +/- 2,621 bp totaling
778.5 Mbp. All general aspects of library construction and sequencing performed at the
JGI can be found at http://www.jgi.doe.gov.

Reads were assembled using HGAP

v.2.3.0(Chin et al., 2013) The final genome assembly contains a single contig spanning
the complete 2.922 Mbp length of the bacterial genome with a G+C content of 69.7%
characteristic of actinobacteria. The final assembly resulted from an input read with the
coverage of 202.4X.

7

1.5 BACTERIAL ENDOPHYTE SUPPRESSING PLANT GROWTH (WEEDS)
The challenge of global food security is a major concern for today's society as it is
estimated that we may not be able to produce enough food to support 9 billion people over
the next generations. Weed control is one of the major constraints facing the maintenance
of food production at the current level, which cost growers billions of dollars annually
(Abouziena and Haggag, 2016; Kraehmer and Baur, 2013). Weed herbicide resistance is
one of the most important problems that faced both producers and scientists across the
world to control weeds, which was reported in the mid-1950s in Daucus carota, to the
auxin action site (Heap and Duke, 2018) and by the 1970’s resistance were reported for
different herbicides such as, Triazine, acetolactate synthase (ASL) Acetyl-coA Carboxylase
and glyphosate (Heap and Duke, 2018; Holt and Lebaron, 1990; Saari et al., 2018).
Glyphosate eliminated resistance concerns (Duke and Powles, 2008), but Lolium rigidum
was the first weed resistant started to it in California in 1988 and two years later in
Delaware C. Canadensis was registered as the first broad leaf weed resistant to
glyphosate(Peterson et al., 2018) (Peterson, 2017). The number of glyphosate resistant
broad leaf weeds increased and now Amaranthus and Setaria display tolerance in grain
crops (Beckie, 2013,(Beckie et al., 2013; Heap and Duke, 2018).Thus, research into
additional mechanisms of action and careful management of resistance is under
development within the field.
Cellulose biosynthesis inhibitors (CBIs) are a member of class L herbicide
family, which disassociate synthesized cellulose or cease one of its synthesizing steps
rendering fragile cell walls incapable for sustaining proper cell protoplasm. Normally,
cellulose is a crystalline polysaccharide that is required for all plant cell walls to
regulate proper
8

expansions acting against turgor pressure and prevent it from blasting the cell protoplast.
Cellulose is synthesized at the plasma membrane by cellulose synthase A (CesA) proteins
(Desprez et al., 2007), which serve as catalytic subunits in a large protein complex termed
the “rosette” or cellulose synthase complex (CSC). Numerous accessory proteins associate
with the CSC and are also direct targets of cellulose biosynthesis inhibitors (Lei et al.,
2012) Inhibition of cellulose biosynthesis induces cellular swelling and in expanding plant
tissue, the growth is dwarfed (Montezinos and Delmer, 1980). Isoxaben, quinoxyphen,
dichobenil (DCB), CGA 325’615, and AE F150944 (Harris et al., 2012; Heim and Meyer,
1990; Heim et al., 1989; Kiedaisch et al., 2003; Peng et al., 2001; Scheible et al., 2003) are
all known CBIs. Of the microbial derived CBIs, the most widely known is Thaxtomin A,
which is also a potent inhibitor of cellulose biosynthesis (Scheible et al., 2003), and was
characterized as a secondary metabolite isolated from the plant pathogen Streptomyces
scabies (Doumbou et al., 1998; Kinkel et al., 1998). These data support that
microorganisms can interact with a host plant via CBI action mechanism.
Micro bacterium are a class of bacteria that are widely distributed in nature (Collins,
and Bradbury 1992). Importantly, they have been found to associate with the host plant in
a nonpathogenic manner in diverse environments and in some cases promote growth and
expansion wuch as M. paroxydans and M. azadirachtae (Madhaiyan et al., 2010). Species
such as Microbacterium yannicii sp. have unique endophytic capacity (Karojet et al., 2012),
which is consistent with association with plants. Despite their abundance, and association
with plants, little is known about their capacity to target the host plant metabolism in a
specific manner, such as cell wall alteration. A myriad of compounds such as steroids,
terpenoids, peptides, polyketones, flavonoids, quinols, phenols and alkaloids produced by
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microorganism, have interorganismal activity(Bacon and White, 2000; Korkina, 2007)
Some microorganisms that associate with a host plant can be found not only in soil or
rhizosphere area, but also endophytically in the root, leaves and stems plants such as
tomato(Xia et al., 2015), Zea mays (sweet corn) and Gossypium hirsutum
(cotton)((McInroy and Kloepper, 1995)). Here, we identify and characterize a plant
associating Microbacterium sp. as a herbicide producing, plant associated bacteria. We
aimed to investigate the means by which Microbacterium sp. reduced expansion in specific
plants.
1.6 CONCLUSION
Some of bacterial endophytes are promoting sorghum growth as monoculture or
consortia by increasing shoot and root biomass also nutrient absorption therefore, we can
inoculate sorghum seeds with these bacteria to promote plant growth. On the other hand,
other bacterium strain MS79 has the ability to suppress plant growth as live bacteria or
extracted metabolites and it causes suppression of shoots and roots growth in the lab,
greenhouse and field hence we may use it to suppress weeds such as velvet leaves, poison
hemlock and hairy crabgrass. Further experiments are necessary to identify what
substances are being produced by these bacteria and then synthesize these metabolites to
produce new chemicals.
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CHAPTER 2“I’VE
ORGANIC

GOT THE MAGIC IN ME”:

THE

MICROBIOME OF CONVENTIONAL VS

2.1 EVOLVING CONCEPTS OF THE PLANT MICROBIOME
2.1.1 GENERAL
The soil is a complex environment where there is a vast mix of organic matter,
minerals, nutrients, gases, among others, enclosing a myriad of organisms –micro and
macro- that are capable of supporting and retarding plant life and growth. The
heterogeneity that exists in these environments is controlled by a series of biological and
ecological interactions combined by soil properties, allow for the proliferation and
establishment of certain groups of microbial organism, changing the dynamics of the
ecosystem (Gale et al., 2000).
The importance of understanding microbial communities and their association with
agricultural production systems lies on the premises of a future with more sustainable
approaches to challenges in agriculture.

*This chapter was originally published as: Sanchez-Barrios A., Sahib M.R., DeBolt S.
(2017) “I’ve Got the Magic in Me”: The Microbiome of Conventional vs Organic
Production Systems. In: Singh D., Singh H., Prabha R. (eds) Plant Microbe Interactions in
Agro-Ecological Perspectives. Springer, Singapore.
Although many efforts have been directed towards a better understanding on how
these microbial communities work, there are still a great number of questions related to the
most influential factors dictating the identity or core participants, the diversity and niche
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specificity, establishment and maintenance of association with plants and retrograde
signaling networks that could functionalize associations.
2.1.2 LOOKING

DEEPER

INTO

THE

PLANT

MICROBIOME

USING

DEVELOPING

TECHNOLOGIES

The term microbiome refers more to the existence of multiple microbial genomes
present in an environment in an association with a host. For the purpose of this chapter, we
are focused on the plant bacterial microbiome in and agricultural context. The soil
microbial community has received an abundance of attention over past decades, but the
broader plant microbiome includes organisms that dwell in the phyllosphere, inside the
plant as endophytic organisms as well as those in the rhizosphere and soil. Bacterial
organisms are classified as endophytic if they inhabit plant tissue during its life cycle. In
contrast, some rhizospheric bacteria colonize plants as opportunistic organisms that
interact at some point with the plant but don’t inhabit it in an obligate manner. An interest
in endophytes, particularly obligate endophytes and the benefits they are able to confer to
plants, and how some of these changes may be transferred genetically have emerged
recently.
Recent advances in sequencing technology have advanced our understanding of this
community (Lundberg et al., 2012; Bulgarelli et al., 2012; Wagner et al., 2016). In terms
of the plant microbiome and its relationship to agricultural production, studies have proved
that the presence of certain groups of organisms are capable of processing and absorbing
nutrients (Manzoni et al., 2008) rendering them available for plant growth (Schardl et al.,
2004; Barrow et al., 2008; Xia et al., 2013), repression of disease and the capacity to
mediate the impact of extreme environmental stress factors (Plett and Martin, 2011). What
12

remains complicated is how to foment the presence of those beneficial groups and how
they could be used for improvement of many important agronomical crops. Indeed, it will
important to establish how soil conditions and agronomical practices affect the selection of
these microbial organisms by the plant. Agri-management practices and their relationship
to the selection for variation of taxa by plants and soil is the main reason for the
development of this chapter. We will be looking at how managing practices could be
important when trying to understand the strength or weaknesses of these relationships,
since they are able to influence the development and dominance of a bacterial community.
2.2 THE MICROBIOME AND AGRICULTURE
The interaction between plants and individual microorganisms has been studied for
the last several decades. Isolation and testing of strains present in soil and plants have
largely aimed to understand the capacity that these microorganisms have for plant
improvement or pathogenicity. Until the last 5 years, most of the isolation and
identification was done via culture-dependent techniques. However, with the development
of more precise sequencing approaches, identification of genus and families that were
unculturable has been made possible, even to the point of looking at functional genes
(Tsurumaru et al., 2015). These advances have provided more insight into the selection and
structure of bacterial communities by plants under different environments (Lundberg et al.,
2012; 2013; Lebeis et al., 2015; Birtel et al., 2015; Ding and Melcher, 2016). Identifying
the variability as well as functionality of communities that colonize plants could be used
to select for bacteria (or groups of bacterial community members) that can
positively modify the plant morphology or interaction with its environment. Despite the
attractiveness of being able to inject a single or collection of microorganisms into
an agricultural
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production system to enhance crop performance, there are many reasons that this will be
challenging in practice. The complexity of the microbial community and competitiveness
of a single microbial factor is unlikely to be dominant enough to sustain any influence on
a cropping system. Furthermore, the ability to genetically optimize or engineer microbes
to enhance agricultural systems will be a regulatory and environmental containment
challenge. As related to agricultural production systems, the notion that understanding the
plant microbiome and how it functions and then adapting our management practices to
maximize the most interesting members of the microbiome is perhaps the most rational
area for future work. Furthermore, plant breeding has not taken into account any influence
of a microbiome and it remains possible that the intersection between plant breeding and
microbiome functionality will be a fruitful area for research (Gopal and Gupta, 2016).
Finally, knowledge of the mechanisms by which a microbiome element influences the plant
anatomy is still developing and should shed light on hormonal networks and functional
gene networks influenced by the microbiome.
How a bacterial microbiome colonizes and establishes itself in living plant tissue
will involve not just the physical entry into the plant but also how to avoid the plant immune
system (friend versus foe association) (Downie et al., 1999; Iniguez et al., 2005). As the
field of microbial inoculums matures it will be important to understand the complexity of
this association window and whether it is under passive or active control by the host plant.
It is expected that numerous non-obligate bacterial genera enter the plant during
germination and seedling establishment. As the main contact point for the plant with the
microbe rich soil, microbes are thought to enter into their host (plant) through the root
system due to their vast adhering area with soil particles (Hansen et al., 1997; Tokala et al.,
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2002; Iniguez et al., 2005; Rosenblueth and Martinez-Romero 2006; Seipke et al., 2012)
(Figure 1). The rhizosphere is the area that is described as the zone of the soil that is
subjected to the influence of the roots. At the same time, another term that will be highly
important to mention while talking about entrance of microbial organism to the plant is the
spermosphere. This is related to the seed exterior layers that are in contact with the soil and
over which microbes will be interacting before germination.
2.3 Insection between agricultural management practices and microbiome
It seems that through the use of culturing techniques and next generation
sequencing, there have been signs that show higher amounts of organisms being identified,
as well as more consistent phyla types of endophytic microbes being present when looking
into microbiome elements in organic production systems when compared to conventional
farming practices (Xia et al., 2015; Schlaeppi et al., 2015; Hartmann et al., 2015). The
reasons behind those differences among bacterial communities remain slightly unclear, but
data supporting increased soil microbial diversity in organically managed soils have been
well documented (Wang et al., 2016). More work has been put towards the elucidation of
the effect that the systems may have on the selection of the taxa present in the soil. These
results supported findings by Soltani et al., (2010) and Bacon et al., (2016) that many
endophytic bacterial genotypes increased plant growth and induced a defense system with
low cost.
As mentioned before, the differences found among isolates identified as endophytic
microbial species comparing conventional and organic crops are of interest as they may be
linked to the crop productivity. Since one of the main goals is to be able to replicate these
environments for crop enhancements, or at least to influence selection by plants towards
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some of these communities. Hall et al., (1990) suggest that certain Bacilli move through
the plant using the vascular system rather than symplastic movement. Base on
physiological aspects, the older the plant may be, the harder will be for certain endophytic
bacteria to translocate from tissue type to tissue and therefore it is anticipated that as we
develop a more sophisticated understanding of tissue type endophyte colonization, we may
see different levels of abundance or community members. Some research supports that age
of the plant may not be one of the limitations for the colonization of obligated bacteria
when tissue type was held consistent (roots) (Lundberg et al., 2012). This could be due to
the fact that some of these endophytes may be present at early stages and stay there, and
that the variation of the presence or absence of other species may be related to those that
are not strictly necessary to inhabit the plant. Interestingly, it was found by Lundberg et al.
(2012) that genotype was a critical determinant in root microbiome community analysis
suggesting that the intersection between breeding and agricultural farming practices may
be critical for future work.
An interesting concept to examine is how farming practices and the types of crops
that are being produced display variance in microbial community metrics. For instance,
cover cropping, mulching and soil composition (Kumar et al., 2014), the use of alternative
tillage systems (Carbonetto et al., 2014) and overall soil nutrient composition (Stagnari et
al., 2014) have an impact in the structure and composition of the soil microbial
communities. Carbonetto and co-workers (2014) suggested that soils exposed to high use
of fertilizers displayed a shift in the metabolic strategies used by the microbial communities
which exasperated community shifts. Metabolism seems to also become more “flexible”
for those organisms that were present under tillage practices vs those in non-till areas,
but
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the metabolic flexibility does not mean that they were better adapted, on the contrary, they
showed that if conditions were considered unfavorable (example: lower nutrient content in
soil) some of those microbial organism are unlikely to adapt, which differed from the nontillage system. Similar results were found in cotton crops that were maintained under
conventional tillage and no-tillage (Feng et al., 2003). It seems like the use of non-tillage,
for example, and not so many applications of fertilizers, among other things can have a
positive effect in microbial communities in the soil. Kennedy and Smith (1995) support
that heavy tillage as a farming practice can be negative for microbial diversity and
abundance by the alteration of the properties of the soil. Overall, high population and
biodiversity of microorganisms in the soil is an indicator of soil health. Healthy soil has a
normal amount of aggregation and percent of air, water and nutrients; thus, the soil does
not need many fertilizers or pesticides to increase plant productivity or to control stresses
as the plant will be tolerant (Paul, 2007). This parlays with good farming practices, not
necessarily organic versus conventional practices.
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Figure 1 Schematic of the microbiome. Image of a broadleaf seedling planted (left)
and conceptualizing the overlay of management practices. As the seedling grows,
bacterial community members from the soil, which are represented as orange, blue,
purple
Both practices, organic and conventional have systems that follow the application
of chemicals to treat and maintain their crops during their production process. Some of the
chemicals used tend to be more long lasting within the farming system than others and
could have small but progressive impacts on an indigenous microbial community present
in the soil. Thus, when comparing results in this area, one must consider numerous
environment and cultural factors that vary greatly and are different to compare. A question
remains whether the use of pesticides affect microbial communities in the soil in a nontarget manner and in turn influence the selection of the plant microbiome? Even though
pesticides are made to target insects and other types of organism that have no relationship
with the fungi or bacteria present in soil, it is feasible that in a more individual scale some
species in particular may be affected (Foley et al., 2005). To date, further research is needed
on a case by case basis to interrogate this postulate.
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Herbicides or the surfactants used in their application to a target crop may also have
an impact in the microbial communities since some of these, for instance octylamines can
be

slightly

bacteriotoxic

(https://www.echa.europa.eu/sv/web/guest/registration-

dossier//registered-dossier/1996/7/7/2) but are non-target and have been unstudied as
environmental risk factors in agricultural microbiome systems. Other herbicidal or
pesticidal molecules will remain in the soil (predominantly in conventional systems) for
years, for example the pre-emergent herbicide used on railroad lines indaziflam (Brabham
et al., 2013) has an extremely long residual time. While off target influences of
commercially available pesticides and herbicides are typically non-lethal and modest, if a
product can be mildly class specific bacteriotoxic, it can easily be envisioning how this
could shift the balance in an agricultural crop microbiome (Wilkinson and Lucas, 1969).
To date, we have an insufficient understanding of this.
It is important to take in consideration that long time exposure to a specific
managing practice could alter the soil environment by a simple selection mechanism. It
seems that although change is part of both systems, organic farming may be a better option
to also increase richness, among others, by shifting the structure of the microbiota
compared to conventional practices (Hartmann et al., 2015). Still, more parameters and
variables need to be tested to fully confirm these hypotheses and address better the full
impact that these practices have on the microbial communities’ structure (Hartmann and
Widmer, 2006).
2.5 Employing microbial elements in agricultural systems
It is known that obligated microbes have to follow usually a more elaborated
process for their colonization. They can be considered pathways, which usually ramify into
19

production of supernatants, rates of production of them, quorum sensing, hormone
metabolisms, among others. Supernatants are considered to be molecules produced and
released either by the plant or bacteria to the rhizosphere (Li et al., 2016 PNAS). Some of
the molecules present in these supernatants are a combination of: sugars, amino acids,
alkaloids, flavonoids, among others (Biedrzyckiet al., 2010; Kumar and Bais, 2012). Rates
of the exudate production can also have an impact on how the plant selects the microbes
from the rhizosphere. Now, the fact that some microbes are capable to produce their own
chemicals and modulate the communication with the plant through molecule signaling, it
is probably one of the future uses of studying the microbiomes of different systems. Indeed,
some endophytic microbiome elements have been used to identify target herbicides in
plants (Xia et al., 2014). The idea will be to find ways into isolating, producing or
stimulating the production of these chemicals for the manipulating of the selection power
of the plant and at least inhabit it for a small time frame (or long, depending on the effect
that has in the host development and health). It may be suitable to bypass the microbial soil
feature and grow it in vitro to harvest the target chemical for organic farming purposes,
which is already the case for Bacillus thuringiensis.
Promoting plant growth by manipulating microbiomes may have a modest capacity
to support the positive traits in a cropping species, thus decreasing the use of synthetic
chemicals or nutrients (Singh et al., 2010). Using microbes in agriculture as bio-fertilizers
to and bio-pesticides has been well established, but lately it has received more attention,
and scientists are currently focusing on the plant microbiome itself instead of just using
microbes (Deake ret al., 2004). Using microbes is less practical than using synthetic
chemicals because variation in soil and environmental conditions will almost certainly be
20

a selection force and will therefore require regional solutions in agriculture. Modern
agriculture has not accepted regionality of trait solutions from major crop biotechnology
companies and therefore it is unclear whether microbial systems will be poorly accepted.
Organic farmers may be more willing to work with such regional/environment specific
products simply due to scale (Bacon et al., 2016).
There are select studies that show that application of bacterial isolates could support
plant growth and productivity under specific conditions, possibly modulating plant
microbiomes (Xia et al., 2015). However, these rarely translate from greenhouse or in vitro
conditions to the field and even more rarely into a wide variety of agricultural ecozones.
The plant growth promoting fungal inoculum Trichoderma sp. is still the best example of
a successful strategy for this (Altmore et al., 1999). It is hoped that the use of beneficial
microbes in organic production system could buffer plant productivity by providing
nutrients and other growth promoting compounds to the crop not only for a short time but
also for many seasons because this organic system maintains soil fertility and health.
Treatments and inoculation with bacterial organisms showed in Xia et al (2014)
that plant cell walls were susceptible to the presence and production of certain chemicals
(supernatants) by the bacteria. This is a good growth indicator during the interaction
between plant and microbes because of the importance of plant cell wall, since it plays an
essential role in being a barrier against stresses, connecting extracellular and intracellular
environments and regulating plant growth. Their work also showed that the combination
of techniques for identification and isolation were crucial for their selection of candidate
strains and their capacity of inhabiting the plant during long periods of its life. Even though
manipulating the microbiome is important to increase plant productivity, it is currently
a
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challenge to adopt bacterial strains grown in a lab environment and implement their use in
the farmers’ fields. These artificially cultured “strains may lack key characteristics for
widespread distribution in sustainable and productive agricultural systems” (Parnell et al.
2016). Most of the studies related to bacterial strains as an alternative to synthetic
chemicals represent either lab or greenhouse experiments (Adesemoye et al., 2009). They
do not represent the real environment that plants may be exposed in a farm setting (Parnell
et al., 2016).
2.6 CONCLUSION
The overall outcome of studies into the functionality of the plant microbiome has
been satisfactory to maintain research and agricultural interest. The compelling idea of
establishing a more sustainable production system through increasing the abundance or
functionality of members of a natural community is highly attractive and potentially cost
effective. Several conclusions and future directions exist. A combined focus on plant
breeding in association with detailed microbiome assessment is needed based on the
genotype specificity identified in recent studies (Lundberg et al., 2012). Organic farming
systems are modestly less likely to drive selection on the microbiome community due to
their inherent focus on soil quality rather than external inputs. Because genotype and
environmental conditions both influence the microbiome in plants, long-term studies are
needed across numerous species and eco-zones to adequately assess results.
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CHAPTER 3 RHIZOBACTERIAL

SPECIES RICHNESS INCREASES PLANT INTRASPECIFIC
INTERACTIONS AND SOIL NUTRIENT SYNERGISM IN A NUTRIENT-POOR GREENHOUSE SOIL

3.1 INTRODUCTION

In present scenarios, agricultural intensification is asserting a greater pressure on
soil resources. Resultantly, a number of issues are emerging such as soil pollution, nutrient
mining, erosion and loss of soil microbial biodiversity (Hussain et al., 2009; Saleem &
Moe, 2014). To address these issues, there is an emerging interest in applying ecological
concepts to utilize microbial resources to improve soil fertility and plant growth (Saleem
et al., 2019). Considering the ecological and evolutionary significance of microbial
biodiversity in the soil ecosystem (Saleem et al., 2015; Fierer, 2017), it is plausible that
management and utilization of microbial resources could increase agricultural productivity
in the marginal lands. The most notable context is likely through the application of
biodiversity and ecosystem functioning (BEF) theory in structuring the microbial
communities for optimal plant growth. The BEF theory suggests that soil and plant systems
inhabiting diverse microbial species may harvest more benefits from their microbial
partners due to higher diversity and quantities of their beneficial properties (Loreau et al.,
2001; Prosser et al., 2007; Bardgett & van der Putten, 2014; Saleem et al., 2019). Thus,
testing multiple combinations of the microbial species from monocultures to highly diverse
species using a rigorous BEF experimental approach may help us screen and identify the
high performing microbial consortia to develop probiotics for improving plant growth and
yield in the marginal soils.
Meanwhile, the plant beneficial microbes are already in use for developing biofertilizers, plant growth stimulators, and bio-pesticides to reduce the use of agrochemicals.
These microbes may enhance soil health, fertility, and plant growth by direct and indirect
means, such as through, improving nutrition (nitrogen fixation, nutrient mobilization,
recycling), regulating phytohormone (gibberellic acid, indole acetic acid, ethylene, and
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cytokinins, etc.) levels, suppressing soil-borne pathogens (via siderophores, cyanides, and
antibiotics production), and ecological supportive roles (Lugtenberg & Kamilova, 2009;
Bashan et al., 2013). Owing to these properties, microbes may improve soil biochemical
and ecological conditions while inducing tolerance in the plants against environmental
stresses (Saleem et al., 2007; Dimkpa et al., 2009). Since the advent of next generation
sequencing, the microbiome era has evolved into a resurgence of interest in understanding
the role of microbial species diversity and composition in determining the soil health and
plant productivity in broader ecological contexts (Elsas et al., 2012; Delgado-Baquerizo et
al., 2016; Hu et al., 2017; Zhang et al., 2017; Woo & Pepe, 2018).
Plants belonging to Panicoideae clade demonstrate excellent agro-ecological traits
and are grown for fuel, fiber, and food production (Paterson et al. 2009). Among these,
Sorghum bicolor L. (sorghum) is ranked as the world fifth major cereal crop after corn,
wheat, rice and barley both in production and area covered (USDA, 2019). It serves as a
staple food for millions of people in Asia and Africa including United States in addition to
playing a significant role in the economic and ecological stability in many countries.
Ecologically, it is a hardy drought tolerant C4 grass capable to thrive under resource limited
conditions. By virtue of its ecological adaptation, sorghum plants exhibit symbiotic
relationships with soil microbiota that determine their growth, survival, and/or tolerance to
stress conditions (Schlemper et al., 2017; Xu et al., 2018; Hara et al., 2019). Some studies
have, nevertheless, investigated sorghum-microbe interactions, mostly at individual
microbial species/strain level, to test their significance in the sorghum growth under stress
conditions (Idris et al., 2007, 2009). Sorghum is considered as a good crop for economic
utilization in dryland cropping systems and marginal soils (Kort et al., 1998; Truong et al.,
2017; Li et al., 2017). Hence, it is timely to investigate sorghum-microbe interactions at
community level to determine their role in the sorghum growth under resource limited soil
conditions.
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Though promising results are obtained from the soil, root and leaf inoculation
studies (Bashan et al., 2013; Saleem et al., 2017; Zhang et al., 2017), these approaches,
however, are less feasible to adopt in the real world agricultural due to the required amount
of labor and technical skills at the farm level (Bashan et al., 2013). In contrast, seed
inoculation offers a potential advantage to harvest the benefits of applied probiotics due to
low and technical ease (Mahmood et al., 2016). Sorghum is a crop capable of tolerating
stressed environments, therefore seed germination is a major issue in obtaining the required
plant density to get optimum yields from marginal soils (Mortlock & Vanderlip, 1989).
Meanwhile, seeding rates and resulting plant densities are widely debated with respect to
their advantages and disadvantages. For instance, some studies have shown that high
seeding rates and plant density may limit per capita production under certain circumstance
(Bond et al., 1964, p. 1; Jones & Johnson, 1991; Faisal et al., 2007; McGuire, 2007; Snider
et al., 2012). But nevertheless, there is a consensus that relatively higher plant density may
provide greater agroecosystem services such as fodder or biomass production( Faisal et al.,
2007), insurance against environmental uncertainty (McGuire, 2007), weed suppression
(Place et al., 2009), ground cover and erosion control (Harvey & Thompson, 1988).
Therefore, we assume that microbial-driven differences in seed germination and resulting
variation in plant density may lead to tradeoffs between total (per pot) and per plant
performance.
Given that nutrients availability is a microbial-driven process, we know little about
the role of plant-microbe interactions in determining synergistic or antagonistic
interactions among soil nutrients, a key parameter in soil health, fertility and plant growth
(Riedell, 2010; Pii et al., 2015; Rietra et al., 2017; Santos et al., 2018). While most recent
studies have not yet investigated the impact of synthetic communities on below-ground
root properties, dynamics of soil macro-and micro-nutrients (Egamberdiyeva, 2007; Hu et
al., 2017). The antagonistic interactions among soil nutrients are common under nutrient
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sufficient and deficient conditions, probably because of their competitive interactions and
imbalanced composition during their uptake in the ionic forms (see for details, (Bindraban
et al., 2015). The nutrient antagonism may potentially limit and restrict the uptake of soil
nutrients by plants (Yahya, 1998). While antagonistic interactions among nutrients also
depend, among others, on soil conditions, nutrient types, and crop cultivars (Alam et al.,
2001; Wei Yang et al., 2008; Dimkpa et al., 2015).The relatively high prevalence of these
interactions under nutrient poor soil conditions may amplify the intensity of nutrient
deficiency and limit plant growth (Alam et al., 2001; Wei Yang et al., 2008; Bindraban et
al., 2015). Interestingly, microbial effects on nutrient mobilization, fixation, and other soil
properties are studied; however, we don’t know much about the impact of microbial
biodiversity on nutrient-nutrient interactions in the soil environment.
Using BEF experimental approach, we tested the impact of microbial biodiversity
on below/above ground Sorghum bicolor L. traits and nutrient interactions in a nutrientpoor greenhouse soil. We hypothesized that increasing the rhizobacterial species diversity
of seed-inoculated rhizobacteria (i) may influence seed germination followed by plant
growth characteristics, tissue nutrient composition and trade‐offs among them while (ii) it
may also affect the contents of soil macro-and micro-nutrients and interactions among
them via plant density effect. Particularly, we investigated the effect of plant-bacteria
partnership at higher diversity level on germination, root as well as shoot system, plant and
soil nutrient contents and their interactions. Subsequently, observing plant performance per
pot, we anticipate the occurrence of trade-offs among plant traits and their relationships
with nutrient contents of soil and plant tissues. From our results, we found that the soil with
a relatively higher plant density and biomass (root/shoot), as a function of greater microbial
diversity, demonstrated trade-offs between plants traits and a higher nutrient synergism
while showed relatively lower level of macro-and micro-nutrients at the time of plant
harvest.
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3.2 MATERIALS AND METHODS
3.2.1 CROP SEEDS

We used Sorghum bicolor L. cv Della in this study. The sorghum seeds were
purchased from Townsends Sorghum Mill (Kentucky, USA). Prior to inoculation studies,
seeds were washed and surface sterilized seeds following the standard method (Petti et al.,
2015)
3.2.2 RHIZOBACTERIAL SPECIES

We used six rhizobacterial strains in this study and these were derived from our lab
collection. These strains were isolated from the rhizosphere of switchgrass that was grown
in two reclaimed sites in the Western Kentucky, USA (see details, (Xia et al., 2013). These
six strains included Pseudomonas poae A2S9 (XY10), Pseudomonas sp.S16-2 (PSWZ),
Bacillus pumilus RC83 (UN4), Pantoea agglomerance GR13 (XY13), Microbacterium
LKL04 (S23), and Serratia marcescens PSB23 (R11). Here after, we refer these strains as
XY10, PSWZ, UN4, XY13, S23, and R11, respectively. All rhizobacterial strains are
sequenced and their genetic information is available elsewhere (Xia et al., 2013). We
maintained

rhizobacterial

strains

on

nutrient-rich

organic

medium

(yeast

extract/peptone/dextrose-YPD).
3.2.3 BACTERIAL

INOCULATION AND DEVELOPMENT OF A BACTERIAL BIODIVERSITY

GRADIENT

All bacterial strains were grown overnight in the YPD broth medium at 29oC and
200 rpm in a rotary shaker until the mid-log phase (OD600nm = 0.3). Then, we added the
sorghum seeds into this culture and grew till bacterial growth at OD600nm= 0.6. Both
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surface-inoculated and sterilized (control) sorghum seed were sown into plastic pots (1012 ~ seeds per pot) containing greenhouse soil (Pro-Mix, Premier Horticulture Inc., PA,
Quakertown, USA) while leaving ~ 5cm at the top for proper aeration and drainage. We
conducted experiments in the greenhouse of University of Kentucky that was set for the
standard sorghum growth conditions (16:8 light dark regime, 28°C) (Xia et al., 2013). We
watered plants from bottom using undertrays whereas these plants were once fertilized with
fertilizer solution soon after germination. Following complete randomized design, the
experimental treatments inculated; un-inoculated (control) and six different monoculture
inoculation

treatments.

UN4/XY13/S23,

Moreover,

we

XY10/XY13/R11,

and

have

four

3-species

PSWZ/R11/XY10)

(N4/S23/PSWZ,

mixture

inoculation

treatments. In addition, we have four 5-species (S23/R11/XY10/UN4/PSWZ,
S23/R11/XY10/XY13/PSWZ,

UN4/R11S23/XY13/PSWZ,

and

UN4/R11/XY10/XY13/PSWZ) and one 6-species mixture treatment that included all
bacteria species together. All control and inoculation treatments have at least three
replicates. All rhizobacterial inoculation treatments followed substitutive experimental
design to develop a rhizobacterial biodiversity gradient (Saleem et al., 2019). The position
of pots in the greenhouse was changed often to minimize the position effects (Saleem et
al., 2017).
3.2.4 DATA MEASUREMENT AND ANALYSIS

After 5 weeks, we harvested plants and took soil, root and shoot samples for further
analysis. We manually counted root branches. We immediately submitted soil samples to
the soil lab in the Division of Regulatory Services at the University of Kentucky for the
water soluble nutrient analysis. The below and above-ground portions of plants were overdried before biomass measurements. Both root and shoot samples were ground to
determine their N, P, and K contents. While describing the relationships between soil and
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plant nutrients, we excluded the control treatments and presented them separately (e.g. Fig
2, 11, 3, 4). Moreover, it is important to mention that we did not intend to compare these
correlations in the rhizobacterial vs control treatment because later has just three replicates
and any observation from these might be due to the statistical artifacts.

Figure 2 Relationship of the plant density with per plant shoot biomass (a), root
biomass (b), and root branches (c) in control treatments.
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Figure 3 Relationship of the plant density with shoot (abc) and root (jkl) nutrient
contents in control treatments. The relationship of the per pot plant shoot (def) and
root (mno) dry mass with nutrient contents in control treatments. The relationship
of per plant shoot (ghi) and root (pqr) dry mass with nutrient contents in control
treatments.
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Figure 4 . The relationship of plant density (a) and root branches (b) with Mn
contents in bacterial treatments.

Figure 5 Significant relationships of some soil nutrient contents with plant tissue
nutrient contents in the control treatment.

3.3 Results and discussion
3.3.1. Impact of rhizobacterial diversity on above-ground plant
performance
3.3.1.1 Seed germinations, Shoot biomass, and nutrient assimilation
The plant performance varied in response to the different rhizobacterial
species (Fig. 6).
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Figure 6 Impact of individual bacterial monocultures and different species
combination on seed germination. The statistical differences as indicated by letters
were determined by ANOVA followed by Fisher's post hoc test.
Generally, the rhizobacterial monoculture treatments had a poor impact on the
number of plants (hereafter, plant density) that emerged from initially sown seeds from
each pot. Interestingly, seeds inoculated with three, five and/or six rhizobacterial species
mixtures, exhibited greater germination than control plants. Overall, rhizobacterial species
richness increased seed germination in the greenhouse soil conditions (Fig. 6)

32

Figure 7 Impact of bacterial species richness on the plant density (germination) (a),
dry shoot biomass (b), number of root branches (c), and dry root biomass (d). The
statistical analysis shows linear-regression followed by ANOVA describing the
relationships between bacterial species richness of inoculated seeds as per initial
inoculation and plant growth parameters. The statistical differences as indicated by
letters were determined by ANOVA followed by Fisher's post hoc test.

Previously, some studies have reported a positive effect of individual rhizobacterial
species on seed germination of sorghum and other plants (Mounde et al., 2015; Kumar et
al., 2017); however, we did not find a significant positive effect of six different individual
rhizobacterial species on this plant growth trait. While increasing the species diversity of
rhizobacterial seed-inoculated probiotics substantially increased seed germination (Fig. 6)
that may suggest the role of diverse microbes in breaking the dormancy and accelerating
the seed germination. Other than this ecophysiological observation, our results don’t
provide any molecular basis of an enhanced seed germination across the rhizobacterial
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seed-inoculation gradient; however, it merits future research to discern the underlying
interactions and mechanisms since both plants and microbes select each other at this stage.
Contrary to the seed germination, some rhizobacterial monocultures (XY13,
PSWZ) increased plant shoot biomass per pot relative to the control treatments (Fig. 7).

Figure 8 Impact of bacterial species richness on shoot nutrient contents (abc).
Relationship between bacterial species richness and predicted nutrient contents
(actual nutrient contents multiplied by number of total plant density per pot) (def).
Impact of bacterial species richness on root nutrient contents (ghi). Relationship
between bacterial species richness and predicted root nutrient contents (actual
nutrient contents multiplied by number of total plant density per pot) (jkl). The
statistical analysis shows linear-regression followed by ANOVA describing the
relationships between bacterial species richness and nutrient contents.

On average, rhizobacterial 3-species mixture inoculation also increased shoot
biomass as compared to the control. Similarly, five- and six-species mixture inoculation
also enhanced shoot biomass per pot than control plants. However, two five-species
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mixtures, such as S23/R11/XY10/UN4/PSWZ and S23/R11/XY10/XY13/PSWZ
treatments, performed relatively poorly compared with the other three 5- and 6-species
mixture treatments in terms of their positive effects on shoot biomass (Fig. 7). While in
general, an increase in the seed-associated rhizobacterial species diversity via inoculation
demonstrated a significant positive effect on the shoot biomass (Fig. 8). Apart from
measuring plant shoot biomass per pot, we also calculated shoot biomass per plant by
dividing the shoot biomass per pot by the number of total plants per pot. Contrarily, we
observed a poor effect of rhizobacterial inoculation on per plant shoot biomass; one
rhizobacterial monoculture (PSWZ) and a 5-species mixture (UN4/R11/S23/XY13/PSWZ)
increased shoot biomass per plant (Fig. 8).
Thus, measuring per plant biomass helped us determined the tradeoff between total
pot productivity and per plant performance. We observed a substantial tradeoff between
plant density and shoot biomass per plant (Fig. 9). These data suggested that though per
pot productivity increased per plant performance suffered under these resource limited
conditions (Fig.8).
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Figure 9 Relationship of the plant density with per plant shoot biomass (a), root
biomass (b), and root branches (c) in bacterial inoculation treatments. The statistical
analysis shows linear regression followed by ANOVA describing the relationships
between bacterial species richness and nutrient contents.
A relatively better seed germination in the rhizobacterial treatments increased per
pot shoot biomass, root biomass and branches. The above-and below-ground per pot
productivity was seen in the monocultures and mixtures treatments, though later
demonstrated more significant impact on the plant productivity (Fig. 6 b, c, d, Fig. 7 a, b,
c). This nevertheless confirm the recent predictions that an increase in microbial species
diversity may increase the beneficial properties essential for host plant growths
(Vandenkoornhuyse et al., 2015; Hu et al., 2017). As per our monoculture data, only few
monocultures increased plant growth greater than control treatments. Most of the cases,
monoculture effects were poor, thus suggesting that probiotics containing individual
microbial species may not confer advantages to host plants either due to their relatively
low survival and/or due to lack of multiple plant beneficial traits. But with increasing
the
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species diversity of rhizobacterial probiotics, the plant growth responded dramatically that
nevertheless predicted the teamwork of rhizobacterial species in the mixtures (Singh et al.,
2015; Hu et al., 2017; Saleem et al., 2019) (Fig. 9 a, b, c). In addition, a relatively high
above-and below-ground plant productivity as a function of species-rich probiotics may
also imply that microbial associations with plants at higher diversity levels may increase
plant productivity. However, increased seed germination and intraspecific-competition
among plants may lead to some ecological costs under marginal soil conditions. For
instance, per plant performance tended to decrease in the rhizobacterial than control
treatments (Fig. 8, e, f, 9 a, b, c) while plant density correlated negatively with plant fitness
traits such as shoot, root biomass and branches. The plant density is a key determinant of
agro- and natural-ecosystems productivity while it influences the quality and quantity of
important agro-ecological traits (Lei, 2004; XiaoAn et al., 2013; de Aguiar et al., 2013).
Nevertheless, the higher plant density, as we observed in the rhizobacterial treatments, is
considered a good indicator of plants agronomic traits and productivity under marginal soil
conditions (Falzari et al., 2006; Ghiasy-Oskoee et al., 2019).
For the nutrient assimilation, we investigated the assimilation of essential nutrients
such as nitrogen (N), phosphorus (P), and potassium (K) in the shoot tissues across the
rhizobacterial seed-inoculation diversity gradient. Particularly, the N than both P and K
uptake by plant shoots was relatively higher (Fig. 10). In general, the nutrient contents of
plant shoots in the mixture- inoculation treatments were lower than those in the
monoculture or control treatments (Fig. 10 a, c, e). Nevertheless, the plants growing under
the influence of one monoculture (S23) treatment showed relatively higher N and P
contents (Fig. 10 a, c, e).
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Figure 10 Relationship of the plant density with per plant shoot biomass (a), root
biomass (b), and root branches (c) in control treatments.
Interestingly, the plant density exhibited a significant negative relationship with the
plant shoot nutrient contents (Fig.11a, b, c). Moreover, we also found a negative
relationship between total shoot biomass per pot and the nutrient contents of soils in the
same pots (Fig. 11d, e, f). However, we did not find any relationship between shoot biomass
per plant and soil nutrient contents (Fig. 11 g, h, i). Overall, the assimilation of nutrients
decreased across the rhizobacterial seed-inoculation diversity gradient (Fig. 10 a,b,c);
however, multiplying the total number of plants per pot with their tissue nutrient contents
predicted a positive impact of rhizobacterial seed-inoculation diversity gradient on plant
nutrient (except N) assimilation per pot.
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Figure 11 Relationship of the plant density with shoot (abc) and root (jkl) nutrient
contents in bacterial treatments. The relationship of the per pot plant shoot (def)
and root (mno) dry mass with nutrient contents in bacterial treatments. The
relationship of perplant shoot (ghi) and root (pqr) dry mass with nutrient contents
in bacterial treatments. The statistical analysis shows linear-regression followed by
ANOVA describing the relationships between bacterial species richness and nutrient
contents.
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Figure 12 Relationship of the plant density with shoot (abc) and root (jkl) nutrient
contents in control treatments. The relationship of the per pot plant shoot (def) and
root (mno) dry mass with nutrient contents in control treatments. The relationship
of per plant shoot (ghi) and root (pqr) dry mass with nutrient contents in control
treatments.
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Figure 13 Impact of bacterial species richness on shoot nutrient contents (abc).
Relationship between bacterial species richness and predicted nutrient contents
(actual nutrient contents multiplied by number of total plant density per pot) (def).
Impact of bacterial species richness on root nutrient contents (ghi). Relationship
between bacterial species richness and predicted root nutrient contents (actual
nutrient contents multiplied by number of total plant density per pot) (jkl). The
statistical analysis shows linear-regression followed by ANOVA describing the
relationships between bacterial species richness and nutrient contents.
A negative tradeoff between per pot and per plant productivity was also translated
to the nutrient contents of root and shoot tissues. Interestingly, most of the cases,
rhizobacterial seed-inoculation diversity gradient, plant density, shoot and root biomass
negatively correlated with the N, P, and K contents of plant tissues (shoots and roots)
(Fig.11 and 12). As described above, it is very likely that an initial microbial-driven
enhanced plant density and total plant productivity caused intraspecific competition among
sorghum plants. Some studies suggested that low per plant biomass and nutrient contents
under poor soil conditions may reflect an intense intraspecific competition (Isaac et al.,
2007; Blank, 2010).
3.3.2 IMPACT OF RHIZOBACTERIAL DIVERSITY ON BELOWGROUND PLANT PERFORMANCE
3.3.2.1 ROOT TRAITS AND NUTRIENT ASSIMILATION BY ROOTS
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The rhizobacterial seed-inoculation significantly influenced the root system of
sorghum plants, especially in terms of root branches and biomass per pot. In this regard,
two monoculture treatments such as XY10, and XY13 significantly increased the number
of root branches per pot than control treatment. Likewise, most 3- (except
UN4/S23/PSWZ), 5-, and 6-species mixture treatments showed significantly higher root
branches per pot than control treatment (Fig. 8). Contrary to per pot root branches, per plant
root branches increased in some monoculture treatments (PSWZ, UN4, and R11). A nonsignificant increase in the root branches was observed in the 3-, 5-, and 6-species mixture
treatments, however, this effect was statistically significant in two 5-species mixtures
(UN4/R11/S23/XY13/PSWZ and UN4/ R11/ XY10/XY13/PSWZ) treatments (Fig.8).
Furthermore, rhizobacterial treatments had a significant impact on root biomass per pot. In
this regard, two monoculture (XY13 and PSWZ) and two 3-species mixture
(UN4/S23/PSWZ and UN4/XY13/S23) treatments significantly increased root biomass per
pot than control treatment (Fig.8). Mostly, 5- (except S23/R11/XY10/XY13/PSWZ) and
6-species mixture treatments increased root biomass per pot than control treatment (Fig.8).
Interestingly, some monoculture such as PSWZ, R11 and UN4 treatments showed a
significant effect on the root biomass per plants than control treatment (Fig. 8f). Overall,
the rhizobacterial seed-inoculation resulted into interesting tradeoffs between per pot and
per plant root branches and biomass. Particularly, plant density always negatively
correlated with per plant root biomass and branches (Fig. 9 b, c). However, at the per pot
level, rhizobacterial diversity was correlated with increased root biomass and branches in
a nutrient-poor greenhouse soil (Fig. 8).
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Figure 14 Impact of individual bacterial monocultures and different species
combination on the shoot dry mass (a) number of root branches (b), root biomass per
pot (c), shoot biomass per plant (d), root branches per plant (e) and root biomass per
plant (f). The Impact of individual bacterial monocultures and different species
combination on the shoot dry mass (a) number of root branches (b), root biomass per
pot (c), shoot biomass per plant (d), root branches per plant (e) and root biomass per
plant (f). The statistical differences as indicated by letters were determined by
ANOVA followed by Fisher's post hoc test.
The below-ground intraspecific competition may limit per plant productivity
(Dobermann et al., 2002; Blank, 2010) whereas some recent studies have predicted the role
of soil organisms in determining these interactions (Sabais et al., 2012). Moreover,
intraspecific competitions are common in grasses because they are considered superior
competitors for nutrients (Munoz & Weaver, 1999; Eisenhauer & Scheu, 2008) under
nutrient limited soil conditions. Although sorghum plant-microbe partnership is reported,
our results anticipate that microbial biodiversity may promote intraspecific competition
among sorghum plants, and thus our prediction was supported by plant growth parameters
(Fig.10 and 13) as well as root and shoot nutrient contents (Fig. 13). Meanwhile, our results
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suggest that developing any strategy to harness plant-microbe interactions for the
restoration and economic utilization of marginal lands may require a precise assessment of
plant intraspecific interactions to optimize the agro-ecological benefits (Isaac et al., 2007)
For the nutrient assimilation by roots, we also investigated the assimilation of essential
nutrients such as N, P, and K in the plant roots across the rhizobacterial seed-inoculation
diversity gradient. The plants growing under the influence of one monoculture treatment,
namely, PSWZ, showed higher root N content; however, N consistently decreased across
the rhizobacterial seed-inoculation diversity gradient (Fig. 10b). Similarly, trends were
observed in cases of P and K assimilation in the plant roots (Fig.10 d, f). Overall, N and P
(except K) contents decreased across the rhizobacterial seed-inoculation diversity gradient
(Fig. 10 g, h, i). However, if we multiply the total number of plants per pot with root tissue
nutrient content, then our results predicted a positive impact of the rhizobacterial seedinoculation diversity gradient on the assimilation of nutrients by the plant roots (Fig. 10j,
k, l). Furthermore, we also investigated the relationship between plant density and root
nutrient composition. Interesting, the plant density exhibited a negative relationship
between nutrients (P, N) and the plant root tissues (Fig. 11 j, k, l). While only N contents
negatively correlated with root dry mass (Fig. 11 m, n, o). Interestingly, when we
determined the relationship between per plant root dry mass and nutrient content; per plant
dry root mass positively correlated with N (Fig. 11-7p, q, r).
Given higher plant density and per pot productivity in the rhizobacterial treatments,
our results showed a corresponding greater uptake of macro-and micronutrients from the
soil than control treatments. Most of past and recent studies have indeed showed a
relatively greater assimilation of N, P, and K by the tissues of plants inoculated with
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microbes (e.g. (Egamberdiyeva, 2007; Hu et al., 2017), however, the impact of plantassociated microbial diversity on soil nutrient contents are less explored (except for N
fixation and solubilization studies) (e.g.,(Tesfaye et al., 2003; Fernandez et al., 2016). As
a general trend, the soil nutrients P, K, Ca, Mg, B, Mn, Cu, Fe, Na, N (NO3 ppm) and Zn
were lower in the rhizobacterial than control treatments, thus implying the role of plantassociated microbes in exploiting soil nutrients. Apart from N-fixation and nutrient (e.g. P,
Fe) solubilization studies, limited information is available regarding the role of plantmicrobe interactions in altering the soil macro- and micro-nutrients (Bashan et al., 2004;
Dinesh et al., 2013; Woo & Pepe, 2018; Li et al., 2018).
3.3.3 Impact of rhizobacterial-seed inoculation diversity gradient on soil
micro-and macronutrients
3.3.3.1 Impact of rhizobacterial monoculture, mixtures treatments on
soil macro- and micronutrients and Linking soil nutrients to plant tissues
nutrients
We investigated the contents of water-extractable macro- and micro-nutrients
in soils under different treatments. The soil P was significantly lower in the
rhizosphere of plants that grew from seeds inoculated with monocultures, one 3-, (PSWZ/
R11/XY10), all 5-, and 6-species mixtures (Fig. 15a). Similarly, K, calcium (Ca),
magnesium (Mg), and Boron (B) contents were also lowest in the same treatments (Fig.
15). Among soil nutrients, the Mn contents showed interesting patterns under different
treatments. Though soil Mn contents were relatively higher in the pots in the monoculture
and most mixture treatments, however, they tended to decline in the 5-, and 6-species
mixtures. One monoculture (S23) than control treatment significantly lowered soil
Manganese (Mn) (Fig. 15f). Interestingly,
45

the soil Mn contents decreased linearly across the rhizobacterial seed-inoculation diversity
gradient (P < 0.0001) (Fig. 16a). Moreover, the soil Mn contents significantly declined
with an increasing number of plants (P > 0.002) and root branches (P > 0.001) per pot
(Fig. 16 b,c,).

Figure 15 Impact of bacterial species diversity on soil Mn contents (a). The
relationship of plant density (b) and root branches (c) with Mn contents in bacterial
treatments. The statistical analysis shows linear-regression followed by ANOVA to
describe these relationships.

Although, we observed a poor impact of rhizobacterial inoculation on Copper (Cu)
uptake, but still, the soil Cu contents were lower in the monocultures, one 3-, all 5-, and 6species mixture treatments (Fig. 16a). The soil sodium (Na) contents were significantly
lower in the monocultures, one 3-, (PSWZ/R11/XY10), most 5-, and 6-species mixture
treatments. However surprisingly, most 3-species mixture (i.e., UN4/S23/PSWZ,
UN4/XY13/S23, and XY10/XY13/R11) than control treatments showed relatively higher
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contents of soil P and other nutrients such as K, Ca, Mg, B, Na, etc. (Fig. 16 and 15).
Interestingly, opposite to the uptake of above-mentioned nutrients, the soil iron (Fe)
content

was

significantly

lower

in

the

3-species

mixture

(UN4/XY13/S23,

XY10/XY13/R11, PSWZ/R11/XY10) than control treatments. In contrast, the soil Fe in a
monoculture (XY10) and 6-species mixture were significantly higher than control and
other treatments (Fig. 16).

Figure 16 Impact of individual bacterial species and their different bacterial
combinations on soil nutrient contents. The statistical differences as indicated by
letters were determined by ANOVA followed by Fisher's post hoc test.
One monoculture (XY10), and two 3-speciesmixture (UN4/S23/PSWZ,
XY10/XY13/R11) treatments showed higher than control N (N-NO3). The soil Zn contents
were lower in the monocultures, one 3-species (PSWZ/R11/XY10), all 5-, and 6-species
mixture treatments (Fig. 16e). However surprisingly, in three cases, two monocultures
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(PSWZ, R11), and three 3-species mixtures showed significantly higher soil Zn contents
than those in the control and other treatments (Fig. 16e).
Given higher plant density and per pot productivity in the rhizobacterial treatments,
our results showed a corresponding greater uptake of macro-and micronutrients from the
soil than control treatments. Most of past and recent studies have indeed showed a
relatively greater assimilation of N, P, and K by the tissues of plants inoculated with
microbes (e.g. (Egamberdiyeva, 2007; Hu et al., 2017), however, the impact of plantassociated microbial diversity on soil nutrient contents are less explored (except for N
fixation and solubilization studies) (e.g.,(Tesfaye et al., 2003; Fernandez et al., 2016). As
a general trend, the soil nutrients P, K, Ca, Mg, B, Mn, Cu, Fe, Na, N (NO3 ppm) and Zn
were lower in the rhizobacterial than control treatments, thus implying the role of plantassociated microbes in exploiting soil nutrients. Apart from N-fixation and nutrient (e.g. P,
Fe) solubilization studies, limited information is available regarding the role of plantmicrobe interactions in altering the soil macro- and micro-nutrients (Bashan et al., 2004;
Dinesh et al., 2013; Woo & Pepe, 2018; Li et al., 2018). Interestingly, in some cases, the
soil nutrient contents were relatively high in the rhizobacterial treatments (e.g., relatively
species poor 3-species mixture treatments) (Fig. 16). This result may suggest that better
nutrient uptake, assimilation and corresponding productivity is ensured by maintaining
higher microbial diversity, as we have observed in 5-6 species mixture treatments. Thus,
supporting the importance of a greater microbial species richness in delivering greater
ecosystem services following the BEF theory (Loreau et al., 2001; Maron et al., 2018;
Saleem et al., 2019). Meanwhile, as we observed in some monoculture treatments, it is also
important to mention and acknowledge the role of some single-species probiotics in
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enhancing the plants' ability to exploit soil nutrients that is in line with classical agricultural
(i.e., beneficial rhizobacterial species) and ecological (i.e., keystone or singular species
concept) research emphasizing the significance of individual species in the plant growth
and other agroecosystem processes (Loreau et al., 2002; Patten & Glick, 2002; Compant
et al., 2010).
Interestingly, among all soil nutrients, Mn responded significantly to the
rhizobacterial inoculation-diversity gradient. Here, an increase in the rhizobacterial species
richness linearly decreased the Mn content while the same relationship was observed with
plant density and root branches. Mn is an essential nutrient for plants in order to complete
the process of photosynthesis, while as constituent and cofactor of several enzymes and
biochemical reactions it significantly influences plant growth, development and defense
(Shen, 2015; Gao et al., 2018). A number of soil factors influence the availability of Mn to
the plants while its deficiency is common in agricultural lands across Africa, America,
Asia, and Europe (Sahn, 2015; Schmidt et al., 2016). Our results suggest that plants with
dense or clustered roots can effectively exploit Mn from soils under nutrient-limited
conditions (Lambers et al., 2015). Despite being a limiting factor in plant growth and
development, most plant–microbe studies have focused on phytoextraction and
phytostabilization of Mn in the contaminated sites (Arshad et al., 2007; Rajkumar et al.,
2012). The microbial-driven an enhanced below and above-ground plant density may not
only lead to higher total biomass but may also increase Mn uptake from the soil. Moreover,
we anticipate that plant-microbe partnership might help in the restoration of Mn or heavy
metal-contaminated soils for multiple agro-ecological purposes such as phytoremediation
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3.3.4 Interactions between soil nutrients
We also investigated the relationships between soil nutrients The soil P showed
strong positive relationships with soil Mn, B, Mg, N (NO3 ppm), Ca, Na, and K. The
opposite was true for its relationship with soil Fe (Fig. 17). Similarly, soil K contents
showed positive relationships with soil Fe, B, Mg, Mn, Na, and Ca contents. The soil Cu
contents showed strong positive relationship with the soil Fe contents. While soil Fe
contents showed strong negative relationship with soil N (NO3 ppm) and Zn contents.
Similarly, soil Mg contents showed positive relationships with soil N (NO3 ppm), B, Mn,
Na, and Zn contents. The soil Na contents showed positive relationship with Zn and N
(NO3 ppm) contents while opposite is true for its relationship with the soil Fe contents.
Soil Ca contents demonstrated strong positive relationships with the soil Mn, Na, N (NO3
ppm), B, and Mg contents. While soil B contents showed strong positive relationships with
soil Na, Zn, and N (NO3 ppm) contents while converse is true for its relationship with the
soil Fe contents (Fig. 17, and 18).
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Figure 17 Relationships between contents of various soil macro-and micro-nutrients
in bacterial treatments. The statistical analysis shows linear-regression followed by
ANOVA to describe these relationships.
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Figure 18 Relationships between contents of various soil macro-and micro-nutrients
in the control treatment.
Overall, most soil macro- and micro-nutrient contents showed positive
relationships with each other. As described above, the soil Mn contents responded strongly
to the rhizobacterial seed-inoculation gradient while Mn contents also showed strong
positive relationships with both soil macro-and micronutrients (Fig. 17 and 18).
The soil Na, Cu, Fe, and Mn exhibited strong relationships with the N, P, and K
contents of plant tissues. The soil Mn contents showed significant positive relationships
with root and shoot N contents while demonstrated same correlation with shoot P contents
. The soil Na contents exhibited significant negative relationships with the P, K, and N
contents of the plant tissues. While the soil N contents showed positive relationship with
the root K contents (Fig. 19 d, e, f, g). However, the soil Cu contents showed significant
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positive relationship with N contents of the plant tissues. Similarly, the soil Fe contents
exhibited significant positive relationship with the shoot K and N contents (Fig. 19h, I, j).

Figure 19 Significant relationships of some soil nutrient contents with plant tissue
nutrient contents in the bacterial treatments. The statistical analysis shows linear
regression followed by ANOVA to describe these relationships.
Most rhizobacterial taxa that we tested in this study are known to fix and cycle
nutrients by solubilizing metal complexes (e.g., Fe-P, Ca-P, and Mn-P) (Gyaneshwar et al.
2002). Considering an enhanced plant growth and nutrient uptake as a function of
rhizobacterial diversity, we also studied interactions among various soil nutrients. In
general, antagonistic interactions among soil nutrients are widely reported in the soil
fertility literature (e.g., (Kuo & Mikkelsen, 1981; Shri & Pillay, 2017). Using linearregression analysis, we found that most of the case, soil nutrients showed strong positive
relationships with each other in the bacterial treatments that nevertheless predicts a
microbial-driven synergism among soil nutrients. As described before, for instance, soil
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Mn contents not only responded to seed-inoculated rhizobacterial diversity, root branches,
and plant density (Fig. 4) but also showed positive relationships with several soil microand macro-nutrients (Fig. 5). Moreover, Mn contents also showed positive relationships
with root N, shoot N and P contents (Fig. 6), thus predicting a strong synergism between
soil and plant nutrient contents. The synergism among soil nutrients determines soil
fertility, plant nutrition (Riedell, 2010; Slaton et al., 2013; Bindraban et al., 2015) and
interactions with other species (Griffin et al., 2017). Our results are the first report to
describe the role of rhizobacterial diversity in causing synergism among soil nutrients that
is an important ecosystem service underling plant productivity (Harpole et al., 2011; Rietra
et al., 2017).
Overall, in this study, we attempted to forecast the impact of seed-inoculated
rhizobacterial species richness on soil and plant systems in broader ecological contexts. It
is plausible that introduced microbes may have led to an inherent organization of the
microbial community in the rhizosphere and root system while the coordinate behavior of
rhizobacterial species imparted significant changes to the plant traits and soil nutrient
dynamics. As described earlier in this manuscript about several mechanisms that may
underlie these changes; however, we did not study the underlying microbial beneficial
properties. Our study primarily focused on the plant growth traits, tradeoffs and soil
nutrient contents while our results corresponds with below ground and above-ground
properties and nutrient assimilation. Our data predict a required balance between microbial
competitiveness and plants productivity. Due to plant and soil properties being primarily
influenced by the probiotic mixes, we suggest that further field trials in marginal lands may
reveal further insights into plant-microbe interactions at higher diversity levels.
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3.4 CONCLUSION
Applying bacterial consortia appeared to be the most potent treatment, since it
substantially improved the vegetative growth, and roots of Della sorghum cultivar, as
compared to the control and individual bacterial inoculations. Moreover, this treatment
induces sorghum plant uptake of some nutrients when they were compared to the check
plants uptake. Subsequently, our results highly recommended the application of combined
mixture of Pseudomonas poae A2S9 (XY10), Pseudomonas sp.S16-2 (PSWZ), Bacillus
pumilus RC83 (UN4), Pantoea agglomerance GR13 (XY13), Microbacterium LKL04
(S23), and Serratia marcescens PSB23 (R11).
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CHAPTER 4 USING BACTERIAL ENDOPHYTES MS79 AS A SOURCE OF CHEMICAL LEADS
FOR HERBICIDES
4.1 INTRODUCTION
Food security is a major concern for today's society as it is estimated that we need
to produce enough food to support 9 billion people over the next generation. To maintain
food production at the current level, the use of herbicides to control weeds is necessary.
Weeds are a universal problem in agriculture, costing growers billions of dollars annually
(Abouziena and Haggag, 2016; Kraehmer and Baur, 2013). Despite their importance,
resistance to weeds continues to advance and new mechanisms of action are needed.
Herbicide resistance weeds is one of the most important problems that faced both producers
and scientists across the world. The first herbicide resistant weed was reported in the mid1950s, Daucus carota, to the auxin site of action (Heap and Duke, 2018) and by the 1970’s
resistance were reported for different herbicides such as, Triazine, acetolactate synthase
(ASL) Acetyl-coA Carboxylase and glyphosate (Heap and Duke, 2018; Holt and Lebaron,
1990; Saari et al., 2018). Initial claims surrounding glyphosates mechanism of action
eliminated resistance concerns (Duke and Powles, 2008), but this was short lived. Lolium
rigidum was the first weed resistant to glyphosate and was found in California in 1988 and
two years later in Delaware C. Canadensis was registered as the first broad leaf weed
resistant to glyphosate (Peterson et al., 2018) .The number of glyphosate resistant broad
leaf weeds increased and now Amaranthus and Setaria display tolerance in grain crops
(Beckie, 2013,(Beckie et al., 2013; Heap and Duke, 2018). Thus, research into additional
mechanisms of action and careful management of resistance is a central goal of
agronomists and farmers alike.
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Cellulose biosynthesis inhibitors (CBIs) are a member of class L herbicide family.
Cellulose is a crystalline polysaccharide that is required by all plants to expand, therefore
making a suitable target for a pre-emergent herbicide. Not only is cellulose required by
plants for upright growth, but it in in agricultural setting, it is taxonomically limited to
plants, as bacterial cellulose producing organisms, such as Acetobacter are not susceptible
to plant cellulose biosynthesis inhibitors (DeBolt lab, unpublished). Cellulose biosynthesis
is complex. Cellulose is synthesized at the plasma membrane by cellulose synthase A
(CesA) proteins (Desprez et al., 2007) (Arioli et al., 1998; Fagard et al., 2000) which serve
as catalytic subunits in a large protein complex termed the “rosette” or cellulose synthase
complex (CSC). Of importance, numerous accessory proteins associate with the CSC and
are also direct targets of cellulose biosynthesis inhibitors (Lei et al., 2012) Inhibition of
cellulose biosynthesis induces cellular swelling and in expanding plant tissue, the growth
is dwarfed (Montezinos and Delmer, 1980). Isoxaben, quinoxyphen, dichobenil (DCB),
CGA 325’615, and AE F150944 (Harris et al., 2012; Heim and Meyer, 1990; Heim et al.,
1989; Kiedaisch et al., 2003; Peng et al., 2001; Scheible et al., 2003) are all known CBIs.
Of the microbial derived CBIs, the most widely known is Thaxtomin A, which is also a
potent inhibitor of cellulose biosynthesis(Scheible et al., 2003), and was characterized as a
secondary metabolite isolated from the plant pathogen Streptomyces scabies(Doumbou et
al., 1998; Kinkel et al., 1998). These data support that microorganisms can interact with a
host plant via CBI action mechanism.
Microbacterium are a class of bacteria that are widely distributed in nature (Collins,
and Bradbury 1992). Importantly, they have been found to associate with the host plant in
a nonpathogenic manner in diverse environments and in some cases promote growth and
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expansion such as M. paroxydans and M. azadirachtae (Madhaiyan et al., 2010). Species
such as Microbacterium yannicii sp. have unique endophytic capacity (Karojet et al., 2012),
which is consistent with association with plants. Despite their abundance, and association
with plants, little is known about their capacity to target the host plant metabolism in a
specific manner, such as cell wall alteration. A myriad of compounds such as steroids,
terpenoids, peptides, polyketones, flavonoids, quinols, phenols and alkaloids produced by
microorganism, have interorganismal activity (Bacon and White, 2000; Korkina, 2007)
Some microorganisms that associate with a host plant can be found not only in soil or
rhizosphere area, but also endophytically in the root, leaves and stems plants such as tomato
(Xia et al., 2015), Zea mays (sweet corn) and Gossypium hirsutum (cotton)((McInroy and
Kloepper, 1995)). Here, we identify and characterize a plant associating Microbacterium
sp. as a herbicide producing plant associated bacteria. We aimed to investigate the means
by which Microbacterium sp. reduced expansion in specific plants.
4.2 MATERIAL AND METHODS

4.2.1 SCREEN FOR IDENTIFICATION OF MS79

Our investigated MS79 was isolated from Switchgrass plants, which was a strain
of many that were isolated from two reclaimed sites in the western part of Kentucky in
2010 in monoculture system field and then stored in Eppendorf tube in -80 °C, to
investigate their ability to suppress plant growth.
Culturing plates were inoculated by streak of stock culture of MS79 on YPD (YPD
medium is the growing medium for MS79) Yeast Extract, Peptone, and Dextrose, and then
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a single colony, was taken from this plate, inoculate 20 ml YPD liquid media in 50 ml
plastic tube. Thereafter, tubes shacked in a rotary shaker at 180 rpm and 30 °C for 3 days.
Later on tubes were centrifuged for10 minutes to separate the supernatant and cells. The
separated bacterial cells were sonicated 3 times each for 45 seconds. Supernatants were
mixed with Resins XAD for 4 hours, and then they were mixed with methanol 20 ml for
two hours. Finally, the mixture was centrifuged and left to dry, and then mix with DI water
to test its activity to suppress plant growth. In general, MS79 has ability to suppress plant
growth with many different ways, such as live bacteria by inoculating disinfected seeds,
supernatant, bacterial cells and supernatant or cells extracts as described above.

4.2.2 THE ACTIVITY OF WHOLE CELL EXTRACTS ON PLANT GROWTH AND PERFORMANCE

Sonicated bacterial cells were mixed with the ½ MS medium in the plastic plates
that placed in a growth chamber at 22 °C for16 hrs. light /8 hrs. dark for 6 to 7 days.
Continuous addition of 100 µl sonicated bacterial cells from cells to determine the degree
of root growth of tomato, Arabidopsis, chard, corn and sorghum suppression, and finally
photographed to measure roots length by using ImageJ. Also, another trail was conducted
in the greenhouse to spray sorghum and some weeds, such as Johnson grass, Poison
hemlock and Velvet leaf with MS79 sonicated cells. Pot raised those plants and sprayed
early after germination with 3ml sonicated bacterial cells mixed with 47 ml DI water, using
hand sprayer (100 ml/m2) at 75 kPa of pressure. Plants sprayed every day for one week.
Plant length was measured by using ruler.

4.2.3 SELECTIVITY OF MS79 FOR PLANTS COMPARE TO OTHER TAXA.
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An experiment was conducted in the lab to determine which plant taxa are sensitive
to MS79 extract. Wheat, sorghum, tobacco, corn, soybean and brachypodium seeds were
sown in supplanted ½ MS media with MS79 sonicated cells, all plants were grown for 5
days except brachypodium was grown for 9 days. The length of the roots was measured by
using ImageJ (figure1). On the other hand, after plants death the contaminated soil were
left for 3 weeks and then sown by some vegetable’s seedlings such and tomato, chard and
lettuce. The length of the new vegetables was measured by using ruler (figure 4).

However, an attempt was carried out to study the potency of MS79 on yeast, algae, gram
positive and negative bacteria, Pseudomonas poae(gram-) and Bacillus pumilus(gram +)
sorghum and Arabidopsis. (Fig. 6).
4.2.4 FRACTIONATION
MATERIAL.

OF THE

MS79

EXTRACT INTO SECRETION VERSUS CELLULAR

MS79 was grown for 5 days on rotary shaker 29c and 200 rpm then centrifuge
and supernatant was mixed with resins for 4 hours in order to separate varying molecular
weights of extracted compounds, through washing XAD with deionized water 2 times, and
then deionized water was drained, thereafter, MeOH was added to XAD overnight, later
on MeOH was collected as extract, which was highly concentrated by rotary evaporator.
The obtained extracts divided into two unequal parts, the large portion was fractionated
into 30 to 40 fractions by sephadex column (Porath, 1959), while the small portion was
used to test investigated plants to find if it is potent or not. The fractions were tested for
activity by using supplemented 1/2ms media to plant sorghum and Arabidopsis.
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Fortunately, the test gave positive results, as it highly suppressed the growth of tested
plants.

4.2.5 Mechanism of action of MS79 suggests a Class L Cellulose Biosynthesis Inhibitor
In plate-based assay, Sorghum, chard, corn, tomato and Arabidopsis were planted
in supplemented ½ MS media with sonicated bacterial cells and then roots lengths were
measured by using ImageJ software. Whereas, in greenhouse tomato and sorghum were
planted and then sprayed for 6 days once a day with sonicated ms79 bacterial cells. Ruler
was used to measure the shoots of these plants.
4.2.5.1 Ectopic lignification
Eight days old sorghum roots were dived in ethanol 70%, to examine their radial
swelling phenotype and the color of treated sorghum roots.
4.2.5.2 Cellulose quantification
Sorghum seedlings were treated by 70% ethanol for an hour at 60°C, then they were
transferred to methanol/ chloroform 1:1 solution for 4 hours and finally they were washed
by acetone, two days later cellulose content was measured using Anthron reagent
calorimetrically (Updegraff, 1969).
4.2.5.3 Root length and radial cell swelling
ImageJ software were used to measure the primary root length as an average for five
days. The same roots were photographed for swelling (figure7).
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4.2.6 The genome of MS79 reveals genes previously annotated as linked to

association.

plant

4.2.6.1 Sequencing and Assembly
The genome of Microbacterium sp. LKL04 genome was sequenced to a 212x depth,
using Pacific Biosciences (PacBio) sequencing technology(Rhoads and Au, 2015). A
Pacbio SMRTbell™ library was constructed and sequenced on the PacBio RS platform,
generating 198,113 filtered subreads with an average read length of 3,930 bp +/- 2,621 bp
totaling 778.5 Mbp. All general aspects of library construction and sequencing performed
at the JGI can be found at http://www.jgi.doe.gov. Reads were assembled using (Chin et
al., 2013) . The final genome assembly contained a single contig spanning the complete
2.922 Mbp length of the bacterial genome and has a G+C content of 69.7% characteristic
of actinobacteria. The final assembly resulted from an input read coverage of 202.4X.
5.2.7 STATISTICAL ANALYSIS
JMP and Minitab software were used to analyze the data
4.3 Results and Discussion
MS79 was identified as potential bioherbicide through testing two hundred
bacterial strains that isolated from western Kentucky. Secondary metabolites varies in their
chemical structures and most of them were found to be crucial in medicinal and agricultural
practices (Bacon and White, 2000; Korkina, 2007). We have investigated MS79
metabolites to identify specific fractions that are active against plants when exogenously
applied. Therefore, MS79 in vitro culturing experiments were carried out determine MS79
bacterium residing impacts on host plants. The herbicidal activity of strain was measured
depending on their ability to suppress sorghum roots growth. Sorghum seeds were
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disinfested and inoculated by six bacterial strains: Pantoe agglomerance, Bacillus pumilus,
Pseudomonas spp, Pseudomonas poa, Serratia marcescens and MS79. (Fig. 20)

Figure 20 Plant raised from only MS79 inoculated sorghum seeds compare to the
inoculation with three other bacteria.
4.3.1 THE

ACTIVITY
PERFORMANCE.

OF

WHOLE

CELL

EXTRACTS

ON

PLANT

GROWTH

AND

Treated monocots with sonicated MS79 bacterial cells were profoundly suppressed
compere to the control (Fig. 21l). Plant raised on plate supplanted by MS79 bacterial cells
were also manifested the same adverse negative effect as described before. The trend in
plate raised plants Sorghum and corn, as monocots chard, tomato, and Arabidopsis as
dicots roots were measured by using ImagJ software.
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Figure 21 Suppressing crops growing in ½ MS media supplemented with MS 79
Plant responses to MS79 can be predicted by linear regression using the following
equation:
𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 (𝒄𝒄𝒄𝒄) = 𝟎𝟎. 𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓 − 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎(𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

This equation suggested that treated plants showed gradual reduction with increasingly
MS79 sonicated cells rate microliter, where untreated plants showed root length
substantially higher than those treated by MS79, the differences where increased with the
increasing rate where the lowest root length confined to 300 microliter (Fig.22)

Figure 22 Plant responses to MS79 can be predicted by linear regression
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Height of plant raised in the greenhouse was measure by ruler, as revealed significant
reduction with plant treated by MS 79 which taking the range between 25 -23 cm as
compare to those untreated range between (32 -24 cm) (Fig. 23). Moreover, treated plants
exhibit yellow leaves rolled and necrotic, which suggest that these plants underwent death

Figure 23 Surprising shoot sorghum growth by supplying MS79 sonicated cells in
the greenhouse
In the same way, some weeds, such as Johnson grass, Poison hemlock and Velvet leaf were
sprayed with sonicated cells extracts of MS79 in the greenhouse. Weeds were significantly
suppressed compere to the controls that were sprayed with YPD media with a surfactant
(Fig. 24). To be certain from the potency level of MS79 wild weeds were sprayed by MS79
bacterial cells, similar results were observed which confirm the adverse effect of this stain.
Moreover after weeds death the contaminated soil were left for 3 weeks and then sown by
some vegetables such and tomato, chard and lettuce, no sign of negative effect were
detected to the plant growth of the vegetables (Fig. 24). These results suggested that either
the MS79 been uptake by weeds or degraded to uneffaced level
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Figure 24 new generation of plant grown in sprayed pots not effected by MS79
sonicated cells
Plant stunting that caused by foliar spray of MS79 were due to the hormonal homeostasis,
which seem to be shifted for the favor of the growth retardants. Shifting the hormonal
balance to the side of growth retardants, can be achieved by destruction of promoting
hormones, blocking one or more steps in biosynthesis pathway of hormones or /and altering
functional into nonfunctional by conjugation and quenching the active site by any groups.
For instance, when the balance shifted for the inhibitors favor such as Abscisic acid, ρ
Coumaric acid, phasic acid and /or dihydrophytic acid. These inhibitors block the step of
GAs synthesis at the step of 7-enticauronic acid and prevent the formation of GA12 which
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is the lobby for the synthesis of other GAs (Goodwin and Mercer, 1985) (Zigger and Tiaz
2005)

The resumption of plant growth observed in older plant treated with MS79, as compared
to dead young plants after the episode of adverse effects of MS79 treatment might referred
to occurrence of latent meristem and intercalary meristems that have been already speared
with in the leaves and stems at nodes and internodes. Such latent meristems are activated
and commenced to divide and expand whenever the effective meristems are damaged
resulting in newly grown leaves and branches substituting the dead ones (Abdel and AlRawi, 2012). The vegetative apical meristems of mature plants heavily coated and
surrounded by leaf primordia, which act as barrier for the entrance of MS-79 extract,
moreover, mature plants possess larger apical meristems of apparent quiescent center, these
also activated whenever the functional cells of the apical meristems damaged. The huge
vegetative part of mature plants and their higher C/N ratio, in relation to young plants
enable them to tolerate MS-79 extract better.
4.3.2 SELECTIVITY FOR PLANTS COMPARED WITH OTHER TAXA.
An attempt was carried out to examine the potency of MS79 on yeast, algae, gram positive
and negative bacteria, Pseudomonas poae and Bacillus pumilus. The assay results exhibit
controversy results from those obtained with eukaryote plant species. MS79 has improved
the growth of algae and had no effect on yeast, gram positive and negative bacteria. We
can infer that prokaryote responses unlike eukaryote since they showed no adverse effect
on the cell growth the microorganism except algae that showed growth improvement (Fig.
25).
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Figure 25 Growing yeast, algae, gram positive and negative bacteria in supplemented
MS media with MS79 sonicated cells with and without heat stress.
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5.3.3 FRACTIONATION

MATERIAL

OF THE

MS79

EXTRACT INTO SECRETION VERSUS CELLULAR

Sorghum root grown on supplemented ½ ms media with MS 79 sonicated bacterial cells
and both together xad resin and fractionation extracts showed high suppressed root
compare to sorghum roots that grown on 1/2ms media only. Among the different treatments
of MS79, the highest suppress roots were obtained from the secondary metabolite that were
extracted by xad-resin indicating that this method has high concentration of the molecule/s
that has ability to suppress root growth. (Fig. 26)

Figure 26 Sonicated cells compare to double extraction with Xad resin and seize
exclusion chromatography
3.4 Mechanism of action of MS79 suggests a Class L Cellulose Biosynthesis Inhibitor
Layer the data for radial tissue swelling inhibition of cellulose and ectopic lignin.
Cellulose content as percentages of acid insoluble fiber weights were measured for the
sorghum roots. The results showed that treated sorghum roots contained the lowest
percentage of cellulose, as compare to other treatments, which, significantly lower than
control (Fig. 27). The characteristic of root raised from treated plants by MS79 revealed
stunting and swelling roots as compare to untreated. Moreover, the cellulose content of
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treated roots was highly reduced which ranged between 15 and 20 percent on weight basis
as compare to untreated which substantially exceeded them (28-32%).

Figure 27 Swollen root with ectopic lignification as indicated by the red stain and
cellulose content is lower in the roots of seedlings inoculated with MS79.
MS79 bacteria suppression of root growth in Monocots plants, particularly, in sorghum can
be attributed to CBI. Since Ectopic lignification is a typical response for adding CBIs to
the plant roots. Stunting and swelling roots of plant treated with MS79 may be referred to
the sluggish assembly of roots caused by MS79 during the root developments. MS79 found
to decrease the amount of cellulose in cell wall of sorghum roots by nearly 50% (Fig. 27).
Such reduction in cellulose component of cell wall can be refer to the effects of MS79 on
cellulose biosynthesis through blocking one or more steps within the biosynthetic steps, it
may affected the conversion of α-D –glucose in to β D glucose and thus reduction in the
building units of cellulose are occurred, degradation of synthesized cellulose also might be
happened, or it may affect the enzyme that polymerase beta D glucose , finally it may alter
the enzymes that prepared Beta D glucose for polymerization such as phosokinase.
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Thus, depending on the suppressing, swelling of sorghum root, and cellulose decreasing
we determined that MS79 is working as cellulose biosynthesis inhibitor CBI. Synthesize
of cellulose is one of the most complex process, many required additional protein that are
necessary for biosynthesis of cellulose for example, endo-1, 4-beta-d-glucanase.as we
know, Ectopic lignin is a common feature for cellulose biosynthesis inhibitor (CBI).
Inoculated sorghum roots with MS79 developed red color, owing to the reaction of phenol
rings with lignin (Goodwin and Mercer, 1985) The obtained results revealed there is a
controversy or antagonism between cellulose synthesis and lignin as cellulose synthesis
reduced, lignin synthesis increased. This might be interpreted as acquired systematic
resistance to prevent cell wall destruction under turgor pressure and the absence of active
cellulose. Therefore, cells swollen to some extent countered by intensive synthesis of lignin
to prevent cell wall blasting. KORRIGAN (Lane et al., 2001), glucosyl phosphatidyl
inositol-anchored protein (COBRA) (Roudier et al., 2005) and CSI1(Lei et al., 2012).

4.3.5 The genome of MS79 reveals genes previously annotated as linked to plant
association.
4.3.5.1 Genome Annotation
Genes were identified using Prodigal v.2.5, followed by a round of manual curation
using GenePRIMP, resulting in a total of 2,862 predicted genes (Hyatt et al., 2010; Pati et
al., 2010b). 2,806 predicted protein coding genes were translated and used to search the
National Center for Biotechnology Information (NCBI) nonredundant database, UniProt,
TIGRFam, Pfam, KEGG, COG, PANTHER, and InterPro databases(Pruitt et al., 2006;
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Thomas et al., 2003). For the remaining 56 genes, the tRNAScanSE tool was used to
identify 45 tRNA genes, 6 rRNA genes were found by searching against models of
ribosomal RNA genes built from SILVA, and 5 other non–coding RNAs - such as the RNA
components of the protein secretion complex and RNase P - were identified by searching
the genome for the corresponding Rfam profiles using INFERNAL(Nawrocki and Eddy,
2013; Quast et al., 2012). Additional gene prediction analysis and manual functional
annotation was performed within the Integrated Microbial Genomes (IMG) platform
developed by the Joint Genome Institute, Walnut Creek, CA, USA(Markowitz et al., 2011)
4.3.5.2 Annotation Assessment
In addition to the JGI IMG annotation, CheckM –hosted on KBase - was used to estimate
the completeness of the MS79 genome (Arkin et al., 2018; Parks et al., 2015). Overall, the
LKL04 genome returned a completeness score of 99.5% and a contamination level of only
0.67%. Using the PANTHER HMM scoring tool, protein sequences were further mapped
against the PANTHER HMM database to functionally annotate LKL04 genes and query
for significantly overrepresented genes (Mi et al., 2019b). Supplemental file x contains
significantly over and underrepresented genes in LKL04 relative to Pseudomonas
aeruginosa.

4.3.6 Size exclusion chromatography and fractionation studies suggest that the
active metabolite in MS79 is a small molecule.
Sorghum and Arabidopsis seeds were planted in supplemented MS media with 1ml from
each fraction (seize exclusion chromatography). Plate that represented fraction numbers
1,2,3,4 showed no effects on the plants however, plate 6, 7 and 8 showed herbicidal activity
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by suppressing root length and swelling the roots of sorghum and Arabidopsis compare to
control Fig. 26.
Screening approaches to develop a small molecule have been done to investigate some
compounds that worked as CBIs. Altering biosynthesis of cellulose can be done by some
endophytic bacteria that may produce some secondary metabolites or natural products and
these bacteria can be used to determine some molecules that will work as CBI (Xia et al.,
2014). The highest level of suppression Sorghum and Arabidopsis roots was obtained by
the fraction 6, 7 and 8 In seize exclusion experiment thus, our compounds (CBI) may be a
small molecule like peptides. This prove that fraction 7 the small molecule has herbicidal
activity. It was fascinating to figure out that MS79 bacteria has ability to inhibit plant
cellulose synthesis. In the same way, it was proved that one of the common natural products
CBIs that is produced by Streptomyces sp. is Thaxtomin A (Scheible et al., 2003).

4.4 CONCLUSION
Whereas the variable phenotype of MS79 isolated from western Kentucky was identified
using genome sequence, it is ability to suppress root growth was tested and showed
promising results to suppress root growth and killing some monocot in the greenhouse trail.
Doing further analysis are required to develop it to new herbicide. MS79 is promising
candidates for novel herbicide development applications
Using microbes to control weeds is very promising field in the future. Thus, investigating
the relationship between plant and microbe specifically microbiome and host range, we can
develop and support this field and grow more food.
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CHAPTER 5: IMPROVED DRAFT GENOME SEQUENCE OF MICROBACTERIUM
LKL04: A BACTERIAL ENDOPHYTE ASSOCIATED WITH SWITCHGRASS PLANTS

SP.

5.1 INTRODUCTION
Members of the Microbacterium genus have been previously isolated from a wide
range of environmental conditions, including soils, marine ecosystems, air, sewage, plants,
and insects (Alves et al., 2014; Kim et al., 2008; Mawlankar et al., 2015; Yoon et al.,
2009)We report here the information about the sequenced and assembled genome of the
bacterial endophyte Microbacterium sp. LKL04, a gram-positive actinobacterium, isolated
from switchgrass leaves grown on a reclaimed coal-mining site in western Kentucky,
USA.(Xia et al., 2013)
5.2 MATERIAL AND METHODS
Switchgrass samples were collected from the coal-mining site in July 2010. Leaf
samples were cut into 1-1.5 cm long segments, surface sterilized with a 20% bleach
solution, and rinsed 5 times with autoclaved tap water. The surface sterilized segments
were incubated on Tryptic Soy Agar (TSA) plates for 3-5 days at 26°C before individual
colonies were isolated and re-streaked at least three times on new TSA plates(Xia et al.,
2013). The single and purified colonies were then isolated and grown at room temperature
for 1-2 days in Tryptic Soy Broth (TSB). The CTAB bacterial DNA isolation protocol
developed by the U.S. Department of Energy Joint Genome Institute (DOE-JGI) was
followed to isolate purified bacterial DNA for sequencing.
The genome of Microbacterium sp. LKL04 was sequenced to a 212x depth, using
the Pacific Biosciences (PacBio) sequencing technology.(Rhoads and Au, 2015) A Pacbio
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SMRTbell™ library was constructed and sequenced on the PacBio RS platform, generating
198,113 filtered subreads with an average read length of 3,930 bp +/- 2,621 bp totaling
778.5 Mbp. All general aspects of library construction and sequencing performed at the
JGI can be found at http://www.jgi.doe.gov.

Reads were assembled using HGAP

v.2.3.0(Chin et al., 2013) The final genome assembly contains a single contig spanning the
complete 2.922 Mbp length of the bacterial genome with a G+C content of 69.7%
characteristic of actinobacteria. The final assembly resulted from an input read with the
coverage of 202.4X.
5.3 RESULTS AND DISCUSSION
Genes were identified using Prodigal v.2.5, followed by a round of manual curation
using GenePRIMP, resulting in a total of 2,862 predicted genes (Hyatt et al., 2010) (Pati et
al., 2010b) From these, 2,806 predicted protein coding genes were translated and used to
search through the National Center for Biotechnology Information (NCBI) nonredundant
database, UniProt, TIGRFam, Pfam, KEGG, COG, PANTHER, and InterPro databases
(Consortium, 2018; Finn et al., 2014; Haft et al., 2003; Kanehisa and Goto, 2000; Pruitt et
al., 2006; Tatusov et al., 2003; Thomas et al., 2003) For the remaining 56 genes, the
tRNAScanSE tool was used to identify 45 tRNA genes, 6 rRNA genes , and 5 other non–
coding RNAs. For the non-coding RNAs, the RNA components of the protein secretion
complex and RNase P were identified by searching the genome for the corresponding Rfam
profiles using INFERNAL (Nawrocki and Eddy, 2013; Quast et al., 2012). CheckM, hosted
on KBase, was used to estimate the completeness of the LKL04 genome (Arkin et al., 2018;
Parks et al., 2015) Overall, the LKL04 genome returned a completeness score of 99.5%
and a contamination level of only 0.67%. Using the PANTHER HMM scoring tool, the
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protein sequences were further mapped against the PANTHER HMM database to
functionally annotate the LKL04 genes and query for significantly overrepresented
genes.(Mi et al., 2019a) Selected annotations and genome characteristics are shown in
Figure 1. Additional gene prediction analysis and manual functional annotation was
performed within the Integrated Microbial Genomes (IMG) platform developed by the
Joint Genome Institute, Walnut Creek, CA, USA(Chen et al., 2018).
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Figure 28 Circular representation of LKL04 genome using Circos. 24 The circles from
outside to inside denote: (A) Protein coding genes colored by size, (B) RNA genes, (C)
transmembrane helix regions, (D) GC content along a 1Kb window with red lines
indicating regions above the 69.7% genome average and black lines indicating regions
below the genome average, (E) GC skew with red lines indicating a skew greater than
zero; and black lines indicating a skew less than zero, (F) Genes annotated into
distinct PANTHER protein classes
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5.4 DATA AVAILABILITY
The whole-genome sequence has been deposited at DDBJ/EMBL/GenBank under the
accession no. PRJNA322991. The associated sequence data can also be found at the Joint
Genome Institute (JGI) portal with the IMG taxon oid no. 2667527218（
https://genome.jgi.doe.gov/portal/MicspLKL04/MicspLKL04.info.html.

5.5 CONCLUSION
The genome of Microbacterium sp. LKL04, a gram-positive bacterial endophyte isolated
from switchgrass plants (Panicum virgatum), was assembled and the resulting DNA
sequence was analyzed. A total of 2,862 predicted genes were found and the functions of
their associated putative proteins were predicted. These data were then made available on
public databases.
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